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INTRODUCTION
Biological soil crusts (BSC) are specialized microbial communities that form at the soil surface 21 in arid environments and they fill a variety of important ecological functions. BSCs occupy plant 22 interspaces and cover a wide, global geographic range (Garcia-Pichel et al., 2003) . For example, 23 in some regions on the Colorado Plateau BSCs cover 80% of the ground (Karnieli et al., 2003) . 24 The global biomass of BSC cyanobacteria alone is estimated at 54 x 10 12 g C (Garcia-Pichel 25 et al., 2003) . BSD nitrogen fixation (N 2 -fixation) is responsible for significant input of nitrogen 26 (N) to arid environments (Evans and Belnap, 1999; Belnap, 2003) . Interestingly, much of this 27 fixed N is exported from the crusts in dissolved form through percolation or runoff and little is 28 lost to volatilization (Johnson et al., 2007) . The presence of BSC is positively correlated with 29 vascular plant survival due in part to N inputs from BSC (for review of BSC-vascular plant 30 interactions see Belnap et al. 2003) . These microbial ecosystems are not immune to climate 31 change and changes in precipitation and temperature could alter BSC microbial community 32 structure/membership and possibly BSC diazotroph diversity and N 2 -fixation (Garcia-Pichel et
PCR, LIBRARY NORMALIZATION AND DNA SEQUENCING
To characterize the distribution of SSU rRNA genes across density gradients, SSU rRNA gene of 5 min at 72C. Triplicate amplicons were pooled and purified using Agencourt AMPure PCR 139 purification beads, following manufacturer's protocol. Once purified, amplicons were quantified 140 using PicoGreen nucleic acid quantification dyes (Molecular Probes) and pooled together in 141 equimolar amounts. Samples were sent to the Environmental Genomics Core Facility at the 142 University of South Carolina (now Selah Genomics) where they were run on a Roche FLX 454 143 pyrosequencing machine (FLX-Titanium platform). 144 3.5 DATA ANALYSIS 3.5.1 Sequence quality control Sequences were initially screened by maximum expected er-145 rors at a specific read length threshold (Edgar, 2013) and this has been shown to be as effective 146 as denoising with respect to removing pyrosequencing errors. Specifically, reads were first trun-147 cated to 230 nucleotides (nt) (all reads shorter than 230 nt were discarded) and any read that 148 exceeded a maximum expected error threshold of 1.0 was removed. After truncation and max 149 expected error trimming, 91% of original reads remained. Forward primer and barcode were 150 then removed from the high quality, truncated reads. Remaining reads were taxonomically 151 annotated using the "UClust" taxonomic annotation framework in the QIIME software pack-152 age (Caporaso et al., 2010; Edgar, 2010) annotated as "Chloroplast", "Eukaryota", "Archaea", "Unassigned" or "mitochondria" were re-155 moved from the dataset. Finally, reads were aligned to the Silva reference alignment provided 156 by the Mothur software package (Schloss et al., 2009) allowed to become cluster centroids effectively removing chimeras from the read pool. All qual-174 ity controlled reads were then mapped to cluster centroids at an identity threshold of 97% again 175 using USEARCH. A total of 95.6% of quality controlled reads could be mapped to centroids.
176
Unmapped reads do not count towards sample counts and were removed from downstream anal-177 yses. The USEARCH software version for cluster generation was 7.0.1090. Garcia-Pichel et al.
178
(2013) and Steven et al. (2013) sequences were quality screened by alignment coordinates (de-179 scribed above) and included as input to USEARCH for OTU centroid selection and subsequent 180 mapping to OTU centroids. which is based on Infernal (Nawrocki et al., 2009; Nawrocki and Eddy, 2013) . Columns in 183 the alignment that were not included in the SSU-Align covariance models or were aligned with 184 poor confidence (less than 95% of characters in a position had posterior probability alignment 185 scores of at least 95%) were masked for phylogenetic reconstruction. Additionally, the align-186 ment was trimmed to coordinates such that all sequences in the alignment began and ended at 187 the same positions. FastTree (Price et al., 2010) was used to build the tree. 188 3.5.4 Identifying OTUs that incorporated 15 N into their DNA DNA-SIP is a culture-189 independent approach towards defining identity-function connections in microbial communities 190 (Radajewski and Murrell, 2001; Neufeld et al., 2007; Buckley, 2011) . Microbes are identified 191 on the basis of isotope assimilation into DNA. As the buoyant density of a macromolecule 192 is dependent on many factors in addition to stable isotope incorporation (e.g. G+C-content in 193 nucleic acids (Youngblut and Buckley, 2014)), labeled nucleic acids from one microbial popu-194 lation may have the same buoyant density as unlabeled nucleic acids from another. Therefore, 195 it is imperative to compare results of isotopic labelling to results obtained with unlabeled con-196 trols where everything mimics the experimental conditions except that unlabeled substrates are 197 used. By contrasting heavy gradient fractions from isotopically labeled samples relative to cor-198 responding fractions from controls, the identities of microbes with labeled nucleic acids can be 199 determined 200 We used an RNA-Seq differential expression statistical framework (Love et al., 2014) to find 201 OTUs enriched in heavy fractions of labeled gradients relative to corresponding density frac-202 tions in control gradients (for review of RNA-Seq differential expression statistics applied to 203 microbiome OTU count data see McMurdie and Holmes 2014) . We use the term differential (labeled versus control), we used a one-sided Wald-test to test the statistical significance of 209 regression coefficients (the null hypothesis is that the labeled:control fold enrichment for an 210 OTU is less than a selected threshold). We independently filtered out sparse OTUs prior to P-211 value correction for multiple comparisons. The sparsity threshold was set to the value which 212 maximized the number of p-values under a false discovery rate (FDR) the specific sparsity 213 threshold was 0.3 meaning that an OTU not found in at least 30% of heavy fractions (control 214 and labeled gradients) in a given day were not considered further and not included in P-value 215 adjustment for multiple comparisons. P-values were corrected with the Benjamini-Hochberg 216 method (Benjamini and Hochberg, 1995)and a FDR of 0.10 was applied (this rate is the typical 217 FDR threshold adopted during RNASeq analysis). We selected a log 2 fold change null thresh-218 old of 0.25 (or a labeled:control fold enrichment of 1.19). DESeq2 was used to calculate the 219 moderated log 2 fold change of labeled:control proportion means and corresponding standard 220 errors for the Wald-test (above). Fold change moderation allows for reliable ranking such that 221 high variance and likely statistically insignificant fold changes are appropriately shrunk and 222 subsequently ranked lower than they would be as unmoderated values. Those OTUs that exhibit 223 a statistically significant increase in proportion in heavy fractions from 15 N 2 -labeled samples 224 relative to corresponding controls have increased significantly in buoyant density in response to 225 15 N 2 treatment; a response that is expected for N 2 -fixing organisms. 226 We also assessed the consistency of enrichment between time points by including the inter- tion coefficient were adjusted for all OTUs that passed the sparsity threshold in the label versus 230 control comparison (above) and we used the default null model that the coefficient equaled 231 zero. Additionally, we assessed fold change between labeled and control gradient heavy frac-232 tions after pooling day 2 and day 4 data when treating the different time points as replicates.
233
The same null model as the label versus control comparison (above) was used in this replicate 234 analysis (log 2 fold change in abundance between label and control is less than or equal to 0.25).
235
We included all OTUs that passed sparsity based independent filtering at either day (above) for 236 p-value adjustment in the replicate analysis. 
247
Adonis tests (Anderson, 2001) were done with default number of permutations (1000).
248
Rarefaction curves were created using bioinformatics modules in the PyCogent Python pack- Proteobacteria OTUs all share high SSU rRNA gene sequence identity (>98.48%, Table 1) 277 with isolates from genera known to possess diazotrophs including Pseudomonas, Klebsiella, 278 Shigella, and Ideonella. None of the Firmicutes OTU centroids in the top 10 responders share 279 greater than 97% SSU rRNA gene sequence identity with sequences in the Living Tree Project 280 (LTP) database of 16S rRNA gene sequences from type strains (release 115) (see Table 1 ).
281
OTUs that passed the sparsity threshold but were not classified as 15 N-responsive were subse-282 quently tested with the null hypothesis that the OTU fold enrichment in labeled gradient heavy 283 fractions versus control was above the selected threshold. Rejecting the second null indicates 284 that an OTU did not incorporate 15 N into biomass. There were 86 and 89 "non-responders" at 285 days 2 and 4, respectively. The 15 N labelling of OTUs that did not pass sparsity or could not be 286 classified as either a responder or non-responder cannot be determined conclusively.
287
Although we did not take replicate samples within a time point we can assess the consistency 288 of each OTUs response across the two time points. OTU fold enrichment at day 2 and 4 was 289 consistent ( Figure S2 ). There was a significant correlation between OTU fold enrichment at 290 day 2 versus day 4 (P-value 4.35e −8 ). When the enrichment at day 2 is compared to day 4 291 via an interaction term (day * label/control, see methods), we found only two OTUs had sig-292 nificantly different enrichment between time points ("OTU.227" and "OTU.4037", Table 1 ).
293
In addition, when day 2 and day 4 samples are treated as replicates (see methods) only five 294 of the OTUs we identified as responders OTUs were not significantly enriched in labeled gra-295 dient heavy fractions versus control ("OTU.140", "OTU.4037", "OTU.227", "OTU.137", and 296 "OTU.263", Table 1 ). The labeling of these OTUs should be interpreted with caution. None of 297 the top 10 strongest responding OTUs showed inconsistent enrichment across time points based 298 on the above analyses. Further, confidence in enrichment (i.e. lowest enrichment P-values be-299 tween Day 2 and Day 4) appears to be correlated with consistency in response across both days 300 ( Figure S2 ). Five 15 N-responsive proteobacterial OTUs (Table 1) (Garcia-Pichel et al., 2013; Steven et al., 2013) were spread across hundreds of sam-333 ples from both "light" and "dark" crusts. Hence, it is likely that the current study will be more 334 likely to detect rare OTUs present in early successional "light" crust communities, particularly 335 those that incorporate 15 N into DNA. In all three BSC studies, most sequences were annotated abundance that is much lower than nifH gene sequences from heterocystous cyanobacteria. 364 We propose three mechanisms that could bias nifH clone libraries against heterotrophic for nitrogen would be expected to form heterocysts and fix 15 N 2 . It is likely that scarcity lim-405 its their contribution to 15 N 2 -fixation in early successional crusts. Heterocystous cyanobacteria 406 form sessile colonies and they require stabilization of the crust environment before they can 407 successfully colonize soil; and this stabilization is performed by other pioneering members of 408 the crust community (Castenholz and Garcia-Pichel, 2002) . 15 N 2 -DNA-SIP would also fail to 409 identify 15 N 2 -fixing bacteria if 15 N 2 -fixation were uncoupled from DNA replication over the 410 time frame of the experiment (i.e. 4 days), that is 15 N 2 -DNA-SIP will not detect bacteria that 411 fix 15 N 2 but do not incorporate the 15 N-label into DNA. Therefore, the contribution of hete-412 rocystous cyanobacteria (or any other microbe) to 15 N 2 would be underestimated if their cell 413 division is uncoupled from 15 N 2 -fixation at time frames of up to 4 days. We should also note 414 that 15 N can be incorporated into biomass from trophic interactions although in this case the 415 15 N labeling would likely be weaker than that for a N 2 -fixer as a results of label dilution.
416
The OTUs with significant evidence of 15 N-incorporation during the incubation were predom-417 inantly Proteobacteria and Firmicutes. The Proteobacteria OTUs with the strongest signal of 418 15 N-incorporation all shared high sequence identity (>98.5%) with SSU rRNA gene sequences 419 from genera known to contain diazotrophs (Table 1 ). In contrast the Firmicutes that displayed 420 signal for 15 N-incorporation (predominantly Clostridiaceae) were not closely related to any 421 known cultivars (Table 1) . Hence, we have little knowledge of the ecology of these organisms.
422
Assessing the physiological characteristics of these diazotrophic Clostridiaceae may be use-423 ful for predicting how environmental change will affect the development and stability of BSC.
424
Prior intense cultivation efforts from these crusts in separate studies did not yield any mem- 
